Backward-angle meson electroproduction above the resonance region, which was previously ignored, is anticipated to offer unique access to the three quark plus sea component of the nucleon wave function. In this letter, we present the first complete separation of the four electromagnetic structure functions above the resonance region in exclusive ω electroproduction off the proton, ep → e ′ pω, at central Q 2 values of 1.60, 2.45 GeV 2 , at W = 2.21 GeV. The results of our pioneering −u ≈ −umin study demonstrate the existence of a unanticipated backward-angle cross section peak and the feasibility of full L/T/LT/TT separations in this never explored kinematic territory. At Q 2 =2.45 GeV 2 , the observed dominance of σT over σL, is qualitatively consistent with the collinear QCD description in the near-backward regime, in which the scattering amplitude factorizes into a hard subprocess amplitude and baryon to meson transition distribution amplitudes (TDAs): universal non-perturbative objects only accessible through backward angle kinematics. structure of hadrons. Measurements of such reactions at different squared four-momenta of the exchanged virtual photon (γ * ), Q 2 , and at different hadron four-momentum transfer, Mandelstam variable t and u (defined in Fig. 1 ), are used to probe QCD's transition from hadronic degrees of freedom at the long distance scale to quark-gluon degrees of freedom at the short distance scale. The standard experimental configuration to probe deep exclusive reactions involves accelerated charged lepton collisions with a hydrogen target. While most experiments detect the scattered leptons and forward going final state particles (in the laboratory reference frame), the reaction of interest of this letter concerns final state particles produced at backward angle. The visualization of the backward-angle interaction gives rise to a unique physical picture: a target proton absorbs most of the momentum transfer (by γ * ), and recoils forward; whereas the produced meson remains close to the target nearly at rest. This type of reaction is sometimes referred to as a "knocking a proton out of a proton" process. The backward-angle exclusive observables accessed by the methodology presented in this letter, opens up new opportunities to extend the current knowledge on the nucleon structure to an unexplored kinematic region.
In the Bjorken limit (sufficiently large Q 2 and invariant mass W , and −t/Q 2 ≪ 1), the longitudinal scattering amplitude factorizes into a hard scattering perturbative contribution, and soft Generalized Parton Distributions (GPDs) of the nucleon and distribution amplitudes (DAs) of the meson. The vector meson (ω) production through the GPD in the near-forward kinematics is demonstrated in Fig. 1 (a) . GPDs are light-cone matrix elements of non-local bilinear quark and gluon operators that describe the three-dimensional structure of hadrons, by correlating the internal transverse position of partons to their longitudinal momentum. For a review, see Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Analogous universal structure functions accessible in "near-backward" kinematics are known as baryon-to-meson Transition Distribution Amplitudes (TDAs) [12] [13] [14] [15] [16] , see Fig. 1 (b), which are light-cone matrix elements of non-local three quark operators. In the TDA picture, the backward-angle meson is produced as the γ * probes the meson cloud structure of the nucleon.
The TDA collinear factorization regime for hard meson production has two key marking signs in near-backward kinematics which can be tested experimentally [12] [13] [14] [15] [16] :
• The dominance of the transverse polarization of the virtual photon results in the suppression of the longitudinal cross section (σ L ) at large Q 2 by at least a factor of 1/Q 2 : σ L /σ T < µ 2 /Q 2 and σ T ≫ σ L , where µ is a typical hadronic scale.
• The characteristic 1/Q 8 scaling behavior of the transverse cross section (σ T ) for fixed Bjorken x:
x B = Q 2 2p p q , where p p and q are the four momenta of the virtual proton and γ * , respectively.
In a recent publication [20] , the CLAS collaboration reported the first measurement of the cross sections for exclusive π + electroproduction off the proton in nearbackward kinematics. The result gives promising signs of the predicted 1/Q 8 scaling of the cross section by TDA, however, the critical evidence for σ T dominance remains missing.
In this letter, we present a pioneering study of backward-angle ω cross sections from exclusive electroproduction: ep → e ′ pω using the missing-mass reconstruction technique. The extracted cross sections are separated into the transverse (T), longitudinal (L), and LT, TT interference terms. This allows for comparing the individual σ L and σ T contributions to the TDA calculations, and verifying the predicted σ T dominance.
The general form of two-fold virtual-photon differential cross section in terms of the structure functions is given:
where ǫ is the γ * longitudinal polarization ǫ =
, θ e is the scattered electron polar angle; φ is the azimuthal angle between the electron scattering plane and the proton target reaction plane. For brevity, differential cross sections such as dσ T /dt will be expressed as σ T . Separating σ L from σ T , and extracting the interference terms relies on an experimental technique known as Rosenbluth separation. This technique requires two measurements at different ǫ (dependent upon the beam energy and electron scattering angle), while other Lorentz invariant quantities are kept constant. The interference terms, σ LT and σ T T , dictate the azimuthal modulation for a given opening angle θ between the proton recoil momentum and the γ * momentum.
The analyzed data were part of experiment E01-004 (F π -2), which used 2.6-5.2 GeV electron beams on a liquid hydrogen target and the high precision particle spectrometers in Jefferson Lab Hall C [21, 22] . The data set has two central Q 2 values: Q 2 = 1.60 and 2.45 GeV 2 , at common central W = 2.21 GeV. The primary objective of the experiment was to detect coincidence e-π at forward-angle, but backward-angle ω (e-p) were fortuitously acquired.
The recoil protons were detected in the High Momentum Spectrometer (HMS), while the scattered electrons were detected in the Short Orbit Spectrometer (SOS). Both spectrometers include two sets of drift chambers for tracking and scintillator arrays for triggering. A detailed description of the experimental configuration is documented in Refs. [22] .
In order to select e − in the SOS, a gas Cherenkov detector containing Freon-12 at 1 atm was used in combination with a lead-glass calorimeter. The positively charged π + were rejected in the HMS using an aerogel Cherenkov detector with refractive index of 1.03. The rare e + were rejected using a gas Cherenkov detector filled with C 4 F 10 at 0.47 atm. Most remaining contamination of the e-p events was rejected by a coincidence time cut of ±1 ns. Background originating from the aluminum target cell and random coincidence events, <5% contribution to the total yield, was subtracted from the charge normalized yield. Proton loss due to multiple scattering inside the HMS was estimated as 7-10% [23] .
Unlike the exclusive π + channel [21, 22] , the ω events sit on a broad background, as shown in the reconstructed missing-mass spectrum for ep → e ′ pX in final state particle X could include: ω, ρ or two-π production (ππ). For each Q 2 -ǫ-u-φ bin, extracting ω is a two step process. First, simulations were used to determine the contribution of each final state particle to the M X distribution. Here, the shape of the distribution for each particle is dictated by the detector acceptance and the particle decay width, while the normalization (scale) factor of the simulated distribution is determined by the fit to the data (simultaneously). In the second step, the background (scaled ρ and ππ simulations) are subtracted from the data to obtain the ω experimental yield.
Two quality control criteria were introduced to validate the background subtraction procedure: 1. The χ 2 per-degree-of-freedom (χ 2 /dof) comparison between the experimental and simulated ω yields, defined as Y ω exp = Y Data − Y ρ sim − Y ππ sim , and Y ω sim ; 2. χ 2 /dof comparison between the experimental and simulated background yields, defined as Y BG exp = Y Data − Y ω sim and Y BG sim = Y ρ sim + Y ππ sim . Both χ 2 /dof distributions obey Poisson statistics with center values: 0.94, 1.3, and widths: 0.77, 0.97, respectively. The detailed analysis procedure is documented in Ref. [23] .
For each Q 2 setting, two data sets with different ǫ values were acquired: Q 2 = 1.6 GeV 2 , ǫ = 0.32, 0.59; at Q 2 = 2.45 GeV 2 , ǫ = 0.27, 0.55. Data at each Q 2 -ǫ setting were divided into three u bins and eight φ bins. Fig. 3 shows the unseparated experimental cross section at Q 2 = 1.6 GeV 2 as functions of φ at three −u bins. The separated cross section is obtained from fitting the data at both ǫ settings simultaneously using Eq. 1.
The experimental acceptance covers a range of Q 2 , W values, thus the measured experimental yields represent an average over the covered range. As a result, each −u bin has a slightly different average value Q 2 and W . In order to minimize errors resulted from the averaging, the experimental cross sections were calculated by comparing the experimental yields to a Monte-Carlo simulation of the experiment. The Monte-Carlo includes a detailed description of the spectrometer acceptance, multiple scattering, energy loss due to ionization, decay and radiative process.
The shape of the simulated ω tail is influenced by radiative effects describing the emission of real or virtual photons, and multiple scattering. For more information on the simulation, see Ref. [22] . The matching between the simulated and the experimental resolutions was verified with ep elastic scattering data and the relatively small observed effect is included in the point-to-point systematic uncertainty. Additionally, to avoid sensitivity to some kinematic regions (at larger θ) with large contributions from the radiative events, bins with simulated ω tail contribution >60% of the overall distribution are excluded from the analysis (9% of the bins).
The uncertainty in the separated cross sections includes both statistical and systematic contributions. The statistical contribution consists of the error in determining "good" ω from the background subtraction procedure (fitting error included), the uncertainties in detector performance (efficiencies and tracking) and beam characteristics on a run-by-run basis. A comprehensive study was carried out to obtain the total systematic uncertainties for the separated cross section. It includes three parts: 1. Correlated scale error of the unseparated cross section (2.6%); 2. Point-to-point variations due to the cross section model dependence in simulation; 3. Effects of the error amplification (by a factor of 1/∆ǫ) of the ǫ uncorrelated u correlated systematic error (1.7-2.0%). The effects of all three parts are added in quadrature as the total systematic error and are reported separately for each u bin.
To investigate the Q 2 dependence, σ L and σ T for the smallest −u bin (u − u min = 0) from the two Q 2 settings are plotted on the left panel of Fig. 4 , whereas the σ L /σ T ratio is plotted on the right. σ T shows a flat Q 2 dependence, whereas σ L decreases significantly as Q 2 rises. The drop in σ L /σ T ratio as function of Q 2 is qualitatively consistent with the prediction of TDA collinear factorization.
The extracted σ L and σ T as a function of −u at Q 2 = 1.6 and 2.45 GeV 2 are shown in Fig. 5 . The two sets of TDA predictions for σ T each assume different nucleon DAs as input. The predictions were calculated at the specific Q 2 , W values of each u bin. The predictions at three u bins are joined by straight lines. At Q 2 = 2.45 GeV 2 , TDA predictions are within the same order of magnitude as the data; whereas at Q 2 = 1.6 GeV 2 , the TDA model over predicts the data by a factor of ∼10. This is very similar to the recent backward-angle π + data from CLAS [20] , where the TDA prediction is within 50% of the data at Q 2 =2.5 GeV 2 , but far higher than the unseparated data at Q 2 =1.7 GeV 2 . Together, data sets suggest that the boundary where the TDA factorization applies may begin around Q 2 = 2.5 GeV 2 .
The behavior of σ L differs greatly at the two Q 2 settings. At Q 2 =1.6 GeV 2 , σ L falls almost exponentially as a function of −u; at Q 2 =2.45 GeV 2 , σ L is constant near zero (within one standard deviation) and this is consistent with the leading-twist TDA prediction: σ L ≈ 0.
The combined data from CLAS [24] and F π -2 cover both forward and backward-angle kinematics, and jointly form a complete −t evolution picture for the ep → e ′ pω , and the Fπ-2 are the red crosses in the backward region (−t > 5 GeV 2 ), scaled to the kinematics of the CLAS data, as described in the text. The blue and magenta dashed thick lines are Regge trajectory based JML04 and JML18 predictions, respectively. The short curves above the Fπ-2 data are TDA predictions based on COZ [18] (blue solid) and KS [19] (red solid) DAs.
reaction. The CLAS data, at W ∼ 2.48 GeV 2 , Q 2 = 1.75 and 2.35 GeV 2 , are shown in the left and right panels of Fig. 6 , respectively. Because of the similarities in the kinematics, the F π -2 data (this work) are scaled to those of the CLAS data. The W dependence of the backwardangle cross section is unknown, therefore the scaling procedure: (W 2 − m 2 p ) −2 , based on the forward-angle phenomenology studies, is applied [25] . The Q 2 scaling is based on the empirical fit used to extract the separated cross sections of this work. This empirical model is documented in Ref. [23] . In addition to the scaling, the extracted −u dependent cross section from F π -2 is translated to the −t space of the CLAS data. Fig. 6 indicates strong evidence of the existence of the backward-angle peak at −t > 5 GeV 2 for both Q 2 settings, with strength ∼ 1/10 of the forward-angle cross section. Previously, the "forward-backward" peak phenomenon was only observed in π + photoproduction data [26] [27] [28] [29] [30] . This was successfully interpreted using the Regge trajectory based VGL model [26, 27] .
The results presented in this paper have demonstrated that the missing-mass reconstruction technique, in combination with the high precision spectrometers in coincidence mode at Hall C of Jefferson Lab, is able to reliably perform a full L/T separation of the backwardangle exclusive reaction ep → e ′ pω. Since the missing mass reconstruction method does not require the detection of the produced meson, this allows the possibility to extend experimental kinematic coverage that was considered to be inaccessible through the standard direct detection method. If used in combination with a large acceptance detector, such as CLAS-12, one could systematically study the complete t evolution of a given interaction, thus unveiling new aspects of nucleon structure. The separated cross sections show indications of a regime where σ T ≫ σ L for ep → e ′ pω, qualitatively consistent with the TDA factorization approach in backward-angle kinematics. However, the approach relying on the QCD partonic picture applying at large enough Q 2 involves different mechanisms for the forward and backward peaks and could not provide a unique description in the whole range in −t.
An alternative description for the ω-meson electroproduction cross section is given by the Regge based JML model. It describes the JLab π electroproduction cross sections over a wide kinematic range without destroying good agreement at Q 2 = 0 [31, 32] . Two JML model predictions are plotted in Fig. 6 : JML04 [33] (prior to F π -2 data) and JML18. JML04 includes the near-forward Regge contribution at −t < 1 GeV 2 and N -exchange in the u-channel with a t-dependent cutoff mass. It significantly underpredicts the backward-angle cross section. In JML18 [34] , the principle of the u-channel treatment is the same as in the t-channel neutral pion electroproduction [32] . It includes, in addition, an estimation of the contribution of the ρ-N and ρ-∆ unitarity rescattering (Regge) cuts, allowing an excellent description of the combined data within a unique framework. In particular, the −u dependence and the strength of the backward angle peak are described well at both Q 2 settings. The inelastic exchange diagrams are the main sources to the observed backward-angle peak, with one third of the contribution coming from the ρ 0 -ω transition, and the rest coming from ρ + -N and ∆ resonance. However, JML18 lacks the prediction of the Q 2 -dependence of the σ L /σ T ratio.
In conclusion, the presented experimental data hint on the early onset of the QCD-based factorized description of electroproduction of ω in the backward kinematics regime for Q 2 in the few GeV 2 range. This opens a way to the experimental access of nucleon-to-meson TDAs and provides a new window on the quark-gluon structure of nucleons. These data also supply a new interesting testing bench for Regge-based hadronic models.
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